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WHY FLY IN CONSTELLATIONS?
There are two types of satellite constellations of interest:
• A homogenous constellation is the better known of the two. It typically consists of dozens or hundreds of similarly built satellites spaced around earth orbit in a way to increase coverage and/or reduce latency. Two examples are the Global Positioning System (GPS) constellation and the Iridium commercial communications constellation.
• A heterogeneous constellation consists of a "train" of related (but distinct) satellites generally in the same or very similar orbital plane and altitude with similar objectives. The individual satellites may be built and operated by different organizations. Quite often, the individual spacecraft fly relatively close together. The Morning and Afternoon Constellations (which make up the ESC) are examples of heterogeneous constellation. This type of constellation is the subject of this paper.
A heterogeneous constellation is sometimes referred to as a "virtual satellite" since all the instruments on the various constellation spacecraft are taking measurements of the same air or land mass at about the same time. It is as if the instruments were flying on a single spacecraft. There are several advantages to this constellation approach versus placing all the instruments on one spacecraft.
• Constellations facilitate cost-sharing. One spacecraft can be built, launched, and operated by one space agency such as NASA while another spacecraft is built, launched, and operated by another space agency, such as the Centre National D'Etudes Spatiales (CNES).
• Constellations allow infusion of the latest technology and sensors. In general, unmanned spacecraft are not able to benefit from technology advancements after launch to improve instruments and subsystems. The wellknown exception is the highly successful Hubble Space Telescope which benefitted from servicing missions, however that ended with the retirement of the Space Shuttle. By launching satellites into constellations, users can benefit from the most recent technology advances.
• Constellations reduce overall risk. If a single, large free-flying satellite with multiple instruments fails prematurely due to a launch or early mission anomaly, then all scientific measurements are lost. However, if the instruments are spread among multiple satellites in a heterogeneous constellation, then the loss of a single satellite is less impactful. Case in point: the OCO mission failed during launch in 2009 and never reached orbit, but there was enough support in Congress so funds were allocated for a replacement satellite named OCO-2 which launched four years later.
• Constellations allow more focused observations. Scientists can use the results of the early missions to design new missions which take advantage of the findings.
• Constellation satellites can be less complex. A satellite with only one or two instruments can be much less complex and therefore less costly than one with 10 or more instruments.
• Constellation satellites can have fewer constraints. Satellites with fewer instruments typically have fewer constraints when it comes to sharing onboard resources such as power, communications, etc.
COORDINATION IMPERATIVE
The primary reason for constellation coordination is to ensure the integrity and safety of the constellation satellites. The Morning Constellation missions launched first and maintained relatively large inter-satellite orbital spacings, so little coordination between mission teams has been required. In contrast, the A-Train satellites have flown as close as only 10 seconds apart, so it became clear at the outset that the A-Train missions would need to coordinate their operations to some extent in order to ensure their missions' safety.
In order to perform these independent and coordinated measurements and thereby derive greater science value than the individual missions alone, each satellite in the Morning and Afternoon Constellations needs to know the trajectory and mission operations plans of the other missions. Each mission has a vested interest in the well-being of the other satellites and of the constellation as a whole by not allowing the orbital configuration to be disrupted or broken. Such a circumstance could allow the safety and/or integrity of another member satellite to be compromised or threatened by collision or close approach. For example, a satellite in a "safe-hold" mode and unable to perform the orbital maneuvers necessary to maintain its location could become an unwitting threat to other constellation members. Under a worst-case scenario, a prolonged anomaly on one or more satellites at the same time could create the need for other satellites to exercise "defensive" maneuvers to avoid a collision.
CONSTELLATION COORDINATION
To ensure the safety of all member spacecraft of the constellations, the A-Train mission and science teams created a Constellation Mission Operations Working Group (MOWG) in 2003. The MOWG team members created an Operations Coordination Plan which provides high-level agreements among the constellation members that outlined the means for addressing member-related anomalies. This document describes the coordination plans for the constellations, developed to ensure the health and safety of each constellation as a whole and to enable the coincident observations required for science. Note that constellation operations coordination does not extend into the detailed operations of each of the missions. Each mission has an operations plan to follow which is based on each mission's science plan and requirements.
The Earth Science Mission Operations (ESMO) Project at NASA GSFC leads the coordination of all Constellation mission teams, facilitates the exchange of information between missions, independently assesses anomalous situations that may arise, and provides recommendations for remedial actions in the event of anomalies. The mission teams operate their missions independently and maintain their satellites in their respective positions in the Constellation but all missions have a collective responsibility to ensure the safety of the Constellation.
ESC satellites generally follow the Worldwide Reference System-2 (WRS-2) which was originally established by the series of Landsat satellites (Fig. 3) . However, the MOWG had to develop an orbital configuration that would determine the range of locations allowed for each mission. The challenge was to devise a configuration that did not place undue maintenance burdens on each mission team's operations. The MOWG then established a framework whereby each mission was allocated constellation space for its operations; this space became known as its 'control box' (Fig. 4) . A control box is a theoretical construct centered at some reference position on a satellite's drag-free orbit with dimensions defined by an allowable along-track movement relative to the box's center (the reference position). In practice, this along-track movement is coupled with an East-West movement of the satellite's ground-track relative to the idealized ground-track of the drag-free orbit in the Earth fixed frame. It is the fact that the limitations in either the along-track or ground track cross-track movements create the notion of a "box". The important point is that a constellation mission can maneuver and move around as much as it likes as long as it stays within the limits of its control box. Hence there is little need to coordinate with other teams on a daily basis, so the costs and complexities of constellation flying are minimized. There are two significant exceptions to this independent flying: 1. All Afternoon Constellation teams coordinate their annual inclination adjust maneuvers in the Spring in order to maintain their science ground track requirements.
2. To enhance their science return, some constellation missions have additionally performed "formation flying" by maintaining the inter-satellite distance within a specified tolerance. This level of coordination is above and beyond that required for constellation flying.
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The maintains an MLT at the ascending node (MLTAN) that is 259.5 seconds earlier than Aqua's MLT. OCO-2 was launched on July 2, 2014 and maintains its MLTAN to be 25 seconds later than the MLT of the ascending node of Aqua.
In addition, four other missions were once associated with the Afternoon Constellation:
• The PARASOL mission, operated by CNES, was launched on December 18, 2004 and flew between 15 and 58 seconds behind the CALIPSO control box until it left the constellation orbit in December 2009 and subsequently decommissioned in December 2013.
• The CloudSat mission, a joint NASA and Canadian Space Agency mission operated by the USAF, was jointly launched with CALIPSO in April 2006 and was placed in front of CALIPSO by 12.5 ± 2.5 seconds (then later by 17.5 ± 2.5 seconds). CloudSat experienced problems in 2011 that caused it to drop below the A-Train while the CloudSat team corrected the problems. It rejoined the constellation in June 2012 at 60 seconds (minimum) behind CALIPSO. This tight configuration enabled synergistic measurements with Aqua, which is a key science benefit of the Afternoon Constellation. CloudSat finally left the A-Train orbit in February 2018 due to hardware issues. CALIPSO is expected to follow in September 2018 to extend the coordinated scientific observations with CloudSat.
• NASA Orbiting Carbon Observatory (OCO) was launched in 2009 but never made it to orbit due to a due to a fairing separation failure during launch.
• In 2011, NASA's Glory mission suffered the same fairing separation failure and did not reach orbit.
All Afternoon Constellation satellites cross the equator within a few minutes of one another at approximately 1:30 p.m. MLTAN, hence it is referred to as the Afternoon Constellation. Each individual mission has its own science objectives, but all improve our understanding of aspects of the Earth's climate. The synergism that is gained by flying in close proximity to each other enables the overall science results of the Afternoon Constellation to be greater than the sum of the science returns of each individual mission.
The Afternoon Constellation satellites are spread out along-track in the orbit in order to provide room for each satellite's control box and safe spacing between them so that they don't overlap (Figure 7 ). This relative placement is intended to remain fixed over the lifetime of the constellation, but has been modified with the approval of the MOWG. And, with the placement and spacing fixed, each satellite can conduct its operations essentially independent of the other satellites.
For additional descriptions of the missions and instruments, visit the following websites:
• Aqua -http://aqua.gsfc.nasa.gov/ • Aura -http://aura.gsfc.nasa.gov/
• CALIPSO -https://calipso.cnes.fr/en/CALIPSO/ and http://www-calipso.larc.nasa.gov
• GCOM-W1 -http://global.jaxa.jp/projects/sat/gcom_w/ • OCO-2 -http://oco.jpl.nasa.gov/ Figure 7 . Afternoon Constellation control box configuration Landsat-9 is planning to augment the Morning Constellation after launch in 2019. If all goes well, Landsat-7 will retire once Landsat-9 is safely in orbit, however it will then be dedicated to a technology demonstration project. After Landsat-7 has changed to a lowered orbit, NASA and USGS have agreed that a satellite servicing mission called Restore-L will attempt to grapple onto Landsat-7, refill its fuel tank, raise its orbit, and demonstrate other satellite service capabilities. If successful, these efforts can prove extremely valuable for extending the life of other existing missions.
Lastly, the ESC has also demonstrated its flexibility and robustness by its ability to adapt to changing mission requirements. Several examples are available.
• Aura was able to capitalize on the availability of additional ground station resources by moving several minutes closer to Aqua. This move eliminated the delay between Aqua and Aura's measurements of the same air mass, thereby improving the science return.
• CALIPSO realized that its science measurements could be improved by changing the pitch of its sensor, but this required a CloudSat agreement to reposition itself in order to maintain their coincidental observations. • CloudSat's initial orbit lowering was handled very expeditiously by all teams due to concerns at the time over
CloudSat's ability to control its attitude and power. • CloudSat's return a year later was after a long and deliberate examination of the risks and rewards involving all the teams.
In all of these and other instances, the configuration management procedures and the approval processes that were established early in the ESC's life proved invaluable.
FUTURE OF THE CONSTELLATION
NASA, USGS, and the National Oceanic and Atmospheric Administration (NOAA) sponsors a Decadal Survey for Earth Science and Applications from Space to help shape science priorities and guide agency investments into the next decade. The survey is driven by input from the scientific community and policy experts. The most recent Decadal Survey placed high value on continuing constellation science, however aside from Landsat-9, there are no new missions planned for the ESC. Some of this may be tied to specific science requirements for the planned new missions that do not want or need to be in an ESC orbit at 705 km in either the morning or afternoon crossing orbit. But perhaps some of this is due simply because mission designers are not aware of the value of extending the current long-term record and taking advantage of coincidental observations from a number of on-orbit and long-calibrated science instruments. As is often said, when it comes to constellation science, the "whole is greater than the sum of its parts".
Some mission designers may have concerns about the added overhead and maintenance costs they would incur by flying in a constellation. To that, the ESC has convincingly demonstrated that the added value (established procedures, experienced years-long operations, constellation coordination tools, existing data exchange infrastructure, etc.) far outweighs any impacts to the operational and science teams. The rewards are enhanced science at minimal costs.
So, consider a constellation for your future missions. It doesn't even have to be with the ESC. Constellation-flying in general is very beneficial.
SUMMARY
This paper has attempted to show that constellations have proven to be an effective and efficient way to acquire earth science data. But the key to making a constellation effective and efficient is keeping the operations as independent as possible in order to minimize the operational burden and costs. The ESC is a prime example of the benefits gained by constellation flying with minimal impacts. The ESC continues to welcome new missions to continue its 18+ year record of coincidental earth science observations. New mission planners need only talk to the authors of this paper to begin the process of leveraging their science data return by flying with the Earth Science Constellation!
